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ABSTRACT
Discussions between D-BAA and the NLR have shown that significant
variability in fatigue crack growth properties is possible for the
industry standard damage tolerant aluminium alloy, 2024-T3 sheet. This is
important for two reasons: (1) design assumptions and (2) comparisons of
different candidate materials, such as 6013-T6, with 2024-T3. Another
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which refer to test specimens from the same batch of material, were used
to determine if there is any long term natural ageing effect on fatigue
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From the results it can be concluded that:
1. There is a significant effect of long term natural ageing on crack

growth properties of 2024-T3,
2. Significant variability in fatigue crack growth properties is

possible for different batches of 2024-T3.
3. The effect of long term ageing is less than or similar to the

effect of batch-to-batch variation.
4. The effect of cycle frequency has to be considered even when tests
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Summary

Discussions between D-BAA and the NLR have shown that significant variability in fatigue

crack growth properties is possible for the industry standard damage tolerant aluminium alloy,

2024-T3 sheet. This is important for two reasons: (1) design assumptions and (2) comparisons

of different candidate materials, such as 6013-T6, with 2024-T3. Another important topic is the

possibility of changes in damage tolerance properties owing to long term natural ageing.

In this report a comparison was made between 2024-T3 aluminum alloy sheet crack growth data

obtained from two NASA reports (from 1958 and 1959) and an NLR report (from 1966) to

examine batch to batch variability of fatigue crack growth rates. Two other NASA reports (from

1969 and 1988), which refer to test specimens from the same batch of material, were used to

determine if there is any long term natural ageing effect on fatigue crack growth properties.

From the results it can be concluded that:

1. There is a significant effect of long term natural ageing on the crack growth properties of

2024-T3.

2. Significant variability in fatigue crack growth properties is possible for different batches of

2024-T3.

3. The effect of long term ageing is less than or similar to the effect of batch-to-batch variation.

4. The effect of cycle frequency has to be considered even when tests are done in laboratory air.
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1 Introduction

Discussions between D-BAA and the NLR have shown that significant variability in fatigue

crack growth properties is possible for the industry standard damage tolerant aluminium alloy,

2024-T3 sheet. This is important for two reasons: (1) design assumptions and (2) comparisons

of different candidate materials, such as 6013-T6, with 2024-T3. Another important topic is the

possibility of changes in damage tolerance properties owing to long term natural ageing, which

has already been demonstrated to be deleterious to corrosion resistance. With increasing age

there is a trend towards more intergranular corrosion at the expense of general pitting.
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2 Batch variability

Schijve [1] compared fatigue crack growth data of 2024-T3 Alclad sheet material from several

manufacturers to examine batch-to-batch variation. The investigation also included

differentbatches from the same manufacturer. Constant amplitude fatigue tests were carried out

at the NLR with the same test conditions: specimen dimensions, cycle frequency, environment

and testing machine. It was found that the variability between batches from the same

manufacturer was similar to the variability between batches from different manufacturers.

In the investigation three stress amplitude levels were used with the same mean stress level,

resulting in three different R-values: R = 0.037, R = 0.27, and R = 0.47. The results are shown

in figure 1 (scatterbands) and listed in table 1. Each test series (same R,AK) contained 21

specimens. The standard deviation of the log(da/dn) values of each test series was calculated in

order to describe the scatter in crack growth rates. The results are listed in table 2 and shown

in figure 2. There is a tendency towards a higher standard deviation with increasing AK.

The Schijve results have also been compared with NASA (NACA) fatigue crack growth test data

from the following reports [2, 3]:
- NACA TN 4394, prepared by McEvily, A.J. and ll1g, W., September 1958.

- NASA TN D-52, prepared by McEvily, A.J. and Illg, W., October 1959.

The test conditions (specimen dimensions, cycle frequency and testing machine) for these tests

differed from the NLR test conditions. The crack growth rate data are listed in tables 3 and 4.

Figure 3 compares these data with the NLR data. Although tested at different frequencies and

at slightly different R-values (0.033-0.02) the data from NACA TN 4394 fit into the scatterband

for R = 0.037 from reference 1. The NASA TN D-52 data illustrate the effect of negative R-

value (R = -1).

Taken as a whole, the crack growth results in figure 3 show that there is an effect of cycle

frequency: lower frequencies result in slightly higher crack growth rates. This effect is discussed

in the next section.
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3 Frequency and thickness effects

3.1 Effect of frequency

The effect of cycle frequency is interrelated with the effect of atmospheric humidity. This is

discussed in ref[4]. Figure 4 illustrates both effects and shows that reducing the frequency

increased crack growth rates more in dry air than in wet air at low AK, but did the opposite at

high AK. This figure also shows that the humidity effect decreases with decreasing frequency,

i.e. at low frequencies there are only slight differences in crack growth rates in dry or wet air.

The data used in the present report are all from tests carried out in laboratory air. Although one

might think that the humidity effect can therefore be neglected, figure 3 shows that there is still

a frequency effect, which has to be taken into account when comparing crack growth rate data.

3.2 Effect of sheet thickness

Constant amplitude tests in normal and nominally dry air on plate and sheet materials

demonstrate that crack growth rates tend to be higher in thicker section materials. (Note that

specimen thickness, rather than sheet thickness, has a negligible influence for 2024-T3, but not

for some materials, notably aluminium-lithium alloys.)

The data used in the present report are from test specimens with sheet thicknesses ranging from

2.0 to 2.6 mm. It is assumed that in this thickness range the thickness effect is negligible.
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4 Long term variation

To investigate the effect of long term natural ageing, NASA fatigue crack growth test data for

2024-T3 sheet material were used from the following reports [5, 6]:

- NASA TN D-5390, prepared by Hudson, C.M., August 1969.

- AGARD report no.732, annex G, E.P. Phillips, 1988.

The long term natural ageing effect can be studied because the materials tested came from the

same batch, which was manufactured before 1949.

The crack growth rate data are listed in tables 5 and 6. Figures 5-7 compare data for the same

R, but tested in different decades. The crack growth rates for the Phillips 1988 data (ref[6]) were

slightly higher than those for the Hudson 1969 data (Ref. 5) at the same frequency. Note,

however, that figure 7 shows a frequency effect for the Hudson 1969 data (0.5 Hz versus 30

Hz), and that the Phillips 1988 data still are above the Hudson 1969 data even though the latter

were obtained at a lower frequency (14 Hz versus 30 Hz).
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5 Discussion

The batch-to-batch variation in crack growth is characterized by the scatterbands obtained from

the data in reference 1 and shown in figure 1 for R = 0.037, R = 0.27 and R = 0.47. The

scatterband representing R=0.47 is smaller, indicating a somewhat lower variability. This is also

indicated by the calculated standard deviations, table 2 and figure 2.

Figures 8 and 9 show that the NASA 1969 and 1988 data (Refs. 5, 6) fit mostly in the

scatterbands for the NLR 1966 data (Ref. 1) although there are slight differences in R values and

cycle frequencies. This means that the effect of long term ageing on the NASA material is less

than or similar to the effect of batch-to-batch variation. Nevertheless, both effects should be

considered as significant, taking into account the log-log method of data presentation.

The frequency effect in laboratory air could not be studied over the total AK-range, since the

test frequencies were generally adjusted to the applied stress amplitude. Therefore the low

frequency data mostly relate to higher AK-values and the high frequency data to lower AK-

values.
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6 Conclusions

In this report a comparison was made between 2024-T3 aluminum alloy sheet crack growth data

obtained from two NASA reports (from 1958 and 1959) and an NLR report (from 1966) to

examine batch-to-batch variability of fatigue crack growth rates. Two other NASA reports (from

1969 and 1988), which refer to test specimens from the same batch of material, were used to

determine if there is any long term natural ageing effect on fatigue crack growth properties.

From the results it can be concluded that:

1. There is a significant effect of long term natural ageing on the crack growth properties of

2024-T3.

2. Significant variability in fatigue crack growth properties is possible for different batches of

2024-T3.

3. The effect of long term ageing is less than or similar to the effect of batch to batch variation.

4. The effect of cycle frequency has to be considered even when tests are done in laboratory air.
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Table 2 Calculated standard deviations of log (da/dn) as a function AK

Report: NLR M2162 [1]

Material: 2024-T3 Alclad

Frequency: 53 Hz.

Specimen width: 160 mm

sheet thickness: 2.0 mm

R AK std(log R AK std(log R AK std(log
(MPa V'm) (daldn)) (MPa V'm) (da/dn)) (MPa Vm) (da/dn))

0.037 13.39 0.0932 0.27 8.19 0.1162 0.47 5.14 0.0982

15.19 0.1507 9.29 0.1143 5.84 0.0973

16.81 0.1791 10.28 0.1408 6.46 0.1094

18.30 0.1556 11.19 0.1322 7.03 0.0796

19.68 0.1540 12.04 0.1760 7.56 0.1084

20.99 0.1322 12.84 0.1270 8.06 0.0797

22.23 0.1396 13.59 0.1208 8.54 0.0893

23.99 0.1392 14.67 0.1551 9.22 0.0831

26.20 0.1458 16.02 0.1128 10.07 0.0836

28.30 0.1240 17.31 0.1569 10.87 0.1064

30.32 0.1720 18.54 0.1334 11.65 0.1081

32.29 0.1443 19.75 0.1506 12.41 0.0796

35.66 0.1371 21.81 0.1226 13.70 0.0993

40.47 0.1821 24.75 0.1358 15.55 0.1021

27.81 0.1218 17.47 0.1043

31.10 0.1367 19.54 0.1383

34.78 0.1863 21.85 0.1293
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Table 3 Crack growth results from McEvily and IlIg (Ref. 2)

Report: NACA TN 4394 [2]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

sheet thickness: 2.6 mm

Sdaldn R i AK da/dn R

MPa Vm 10-6 m/cycle MPaVm 10- m/cycle

frequency 30 Hz frequency 20 Hz

6.09 0.0181 0.1 16.38 0.4536 0.04

7.21 0.0454 19.39 0.5292

8.18 0.1155 21.99 0.5292

9.05 0.0552 24.33 0.5773

10.22 0.1210 27.47 0.7938

11.60 0.1494 31.19 1.8143

13.43 0.2117 36.11 3.1750

15.58 0.3175 41.90 12.7000

18.00 0.3810 48.39 10.1600

frequency 30 Hz frequency 20 Hz

9.19 0.0948 0.07 19.78 0.7056 0.033

10.88 0.1411 23.41 0.9769

12.34 0.1954 26.55 1.2700

13.65 0.2309 29.37 2.1167

15.41 0.3528 33.16 3.1750

17.49 0.2920 37.65 6.3500

20.26 0.4792 43.59 10.1600

23.50 0.9769

27.14 0.9071 frequency 0.33 Hz

26.57 2.4756 0.025

frequency 20 Hz 31.45 3.3687

12.89 0.2153 0.05 35.67 7.1348

15.25 0.2761 39.46 10.8547

17.30 0.3256 44.55 15.8750

19.13 0.3735 50.58 29.8824

21.60 0.4379 58.57 84.6667

24.53 0.6350

28.40 1.1289 frequency 0.33 Hz

32.96 2.4190 33.37 13.3684 0.02

38.06 5.8615 39.49 36.2857

44.79 105.8333

49.54 84.6667

55.94 362.8571
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Table 4 Crack growth results from McEvily and Illg (Ref 3)
Report: NASA TN D-52 [3]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

sheet thickness: 2.1 mm

AK da/dn R AK da/dn R
(MPaV,/m) 10-6 m/cycle MPa -/m) 10-6 m/cycle

frequency 30 Hz frequency 0.22 Hz

8.19 0.0046 -1 27.27 0.3969 -1

9.70 0.0059 32.28 0.5853

11.00 0.0121 36.61 0.8759

12.16 0.0195 40.49 1.3656

13.73 0.0254 45.72 2.0820

15.59 0.0391 51.91 3.7353

18.05 0.0696 60.11 5.4043

20.95 0.1210 69.74 7.6970

24.19 0.1905 80.55 12.2903

27.79 0.3464 92.51 25.4000

32.36 0.3528 107.72 47.0370

38.10 0.5773

frequency 30 Hz frequency 0.15 Hz

13.59 0.0273 -1 40.96 2.7729 -1

16.08 0.0651 48.48 3.8838

18.24 0.0847 54.98 5.6444

20.17 0.0977 60.81 9.0714

22.78 0.1337 68.66 15.1190

25.86 0.1752 77.96 29.1954

29.94 0.2478 90.27 50.2970

34.74 0.3629 104.74 127.0000

40.13 0.5080 120.97 245.8065

46.08 0.8467 138.93 508.0000

53.66 1.6933 161.78 1154.5455

frequency 20 Hz

27.27 0.3780 -I

32.28 0.4456

36.61 0.6350

40.49 0.8881

45.72 .1.5679

51.91 2.5149

60.11 4.6606
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Table 5a Crack growth results from Hudson (Ref 5)
R=-1

Report: NASA TN D-5390 [5]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

thickness: 2.3 mm

AK da/dn R AK da/dn R

MPa-Vm 10-6 m/cycle MPa Vm 10- m/cycle

frequency 0.5 Hz frequency 13.7 Hz

37.76 1.0855 -1 22.66 0.1435 -1

48.78 2.6458 29.27 0.2886

57.78 6.3500 34.67 0.4618

65.60 10.1600 39.36 0.6684

72.65 16.9333

79.15 25.4000

85.22 31.7500

90.98 50.8000

96.48 63.5000

frequency 0.5 Hz frequency 13.7 Hz

30.21 0.5237 -1 15.10 0.0423 -1

39.02 1.2390 19.51 0.0876

46.22 2.1167 23.11 0.1588
52.48 3.1750 26.24 0.2117

58.12 5.0800 29.06 0.2540

63.32 7.2571 31.66 0.2822

68.18 10.1600 34.09 0.3629

72.78 16.9333 36.39 0.5080

77.19 16.9333 38.59 0.5080
frequency 13.7 Hz

14.56 0.0282 -1

17.25 0.0508

19.59 0.0847

21.69 0.1016
23.63 0.1693

25.44 0.1693

27.16 0.1693

28.81 0.2540
31.16 0.3387

34.17 0.3387
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Table 5b Crack growth results from Hudson (Ref 5)
R=0

Report: NASA TN D-5390 [5]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

thickness: 2.3 mm

AK daldn R AK dadn R

MPaV/m 10- m/cycle MPav/m 10-6 m/cycle

frequency 0.3 Hz frequency 20 Hz

22.66 0.9071 0 7.55 0.0179 0

29.27 2.3091 9.76 0.0706

34.67 5.0800 11.56 0.1155

39.36 8.4667 13.12 0.1588

43.59 16.9333 14.53 0.2117

47.49 16.9333 15.83 0.2309

17.04 0.2822

18.20 0.3175

19.30 0.4233

20.88 0.4233

22.89 0.6350

24.84 0.8467

frequency 20 Hz frequency 30 Hz

15.10 0.2822 0 5.69 0.0042 0

19.51 0.4032 7.35 0.0149

23.11 0.6048 8.71 0.0423

26.24 1.0160 9.89 0.0635

29.06 1.6933 10.95 0.0847

31.66 3.1750 11.93 0.1270

34.09 3.6286 12.85 0.1270

36.39 8.4667 13.71 0.1270
14.54 0.2540

frequency 20 Hz 15.73 0.1693

11.27 0.1058 0 17.25 0.2540

14.56 0.1881

17.25 0.2822

19.59 0.3908

21.69 0.4618

23.63 0.6350

25.44 0.8467

27.16 1.2700

28.81 1.6933

31.16 2.0320
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Table 5c Crack growth results from Hudson (Ref. 5)R = 0.33

Report: NASA TN D-5390 [5]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

thickness: 2.3 min

AK da/dn R AK da/dn R

MPa qm 10-6 m/cycle MPa "m 10-6 m/cycle

frequency 20 Hz frequency 20 Hz

15.10 0.4164 0.33 7.55 0.0423 0.33

19.51 0.9407 9.76 0.1155

23.11 1.8143 11.56 0.1954

26.24 3.6286 13.12 0.3791

14.53 0.1910

frequency 20 Hz 15.83 0.5080

11.27 0.2117 0.33 17.04 0.5080

14.56 0.4032 18.20 0.5080

17.25 0.5773 19.30 1.2700

19.59 0.9071 20.88 1.0160

21.69 1.2700 22.89 1.6933

23.63 1.9538 24.84 2.5400

25.44 2.5400

27.16 3.6286 frequency 30 Hz

28.81 4.2333 3.72 0.0046 0.33
4.81 0.0110

frequency 20 Hz 5.69 0.0212

9.52 0.1239 0.33 6.47 0.0254

12.30 0.2309 7.16 0.0508

14.57 0.3387 7.80 0.0635

16.54 0.5080 8.40 0.0847

18.32 0.8467 8.97 0.0847

19.96 0.8467 9.51 0.1270

21.49 1.2700 10.29 0.1016

22.94 1.6933 11.28 0.2540

24.33 1.6933 12.24 0.2540

13.18 0.5080
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Table 5d Crack growth results from Hudson (Ref. 5)
R = 0.5

Report: NASA TN D-5390 [5]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

thickness: 2.3 mm

AK da/dn R AK da/dn R

MPa 4 mm 10-6 m/cycle MPa 'IM 10-6 m/cycle

frequency 20 Hz frequency 20 Hz

11.27 0.2674 0.5 5.69 0.0154 0.5

14.56 0.5644 7.35 0.0529

17.25 1.0160 8.71 0.1016

19.59 1.6933 9.89 0.1494

21.69 3.1750 10.95 0.1693

23.63 6.3500 11.93 0.2540

12.85 0.2822

frequency 20 Hz 13.71 0.2822

9.41 0.1373 0.5 14.54 0.5080

12.16 0.2822 15.73 0.5644

14.40 0.5080 17.25 0.8467

16.35 0.8194

18.11 0.9769 frequency 30 Hz

19.73 1.4111 3.72 0.0023 0.5

21.24 2.5400 4.81 0.0045

22.68 2.3091 5.69 0.0127

24.05 5.0800 6.47 0.0423

7.16 0.0508

frequency 20 Hz 7.80 0.0635

7.55 0.0876 0.5 8.40 0.0847

9.76 0.1814 8.97 0.0847

11.56 0.3175 9.51 0.1270

13.12 0.4233 10.29 0.1693

14.53 0.5080 11.28 0.1693

15.83 0.6350

17.04 0.8467

18.20 1.2700

19.30 1.2700

20.88 2.5400

22.89 5.0800
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Table 5e Crack growth results from Hudson (Ref. 5)
R= 0.7

Report: NASA TN D-5390 [5]

Material: 2024-T3 bare

frequency: see table

specimen width: 305 mm

thickness: 2.3 mm

AK da/dn R AK da/dn R

MPaV'm 10-6 m/cycle MPa-'m/ J 10-6 mr/cycle

frequency 13.7 Hz frequency 13.7 Hz

7.55 0.0498 0.7 3.94 0.0043 0.7

9.76 0.1588 5.09 0.0115

11.56 0.4233 6.03 0.0318

13.12 0.6350 6.85 0.0508

7.58 0.0847

frequency 13.7 Hz 8.26 0.0847

6.68 0.0302 0.7 8.89 0.1270

8.62 0.1104 9.49 0.1270

10.22 0.2117 10.07 0.2540

11.60 0.3629 10.89 0.2540

frequency 13.7 Hz frequency 13.7 Hz

5.25 0.0102 0.7 3.85 0.0025 0.7

6.79 0.0529 4.37 0.0051

8.04 0.0977 4.84 0.0102

9.13 0.1588 5.28 0.0181

10.11 0.2117 5.68 0.0231

11.01 0.2822 6.07 0.0363

11.86 0.3629 6.43 0.0318

12.66 0.6350 6.96 0.0847

7.63 0.1270
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Table 6a Crack growth results from Philips (Ref. 6)
R-=-1

Report: AGARD-R-732 [6]

Material: 2024-T3 bare

frequency: 15 Hz

specimen width: 50.8 mm

sheet thickness: 2.3 mm

AK da/dn R

MPaVm 10-6 m/cycle

11.7 0.0105 -I

11.74 0.0151

12.63 0.0279

12.68 0.031

13.56 0.0366

13.64 0.0376

14.53 0.0437

14.62 0.0457

16 0.065

16.11 0.0668

17.61 0.0925

17.76 0.0983

19.42 0.101

19.63 0.137

21.41 0.191

21.68 0.178

23.53 0.218

23.85 0.217

25.85 0.246

26.24 0.223

28.41 0.386

28.87 0.386

31.26 0.528

31.84 0.546

34.41 0.678

35.14 0.709

37.84 0.874

38.72 0.795

41.7 1.59

42.81 1.98

12.68 0.0107

13.11 0.0138

13.75 0.0176

14.45 0.0366
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Table 6b Crack growth results from Philips (Ref. 6)R = 0.5 and R = 0

Report: AGARD-R-732 [6]

Material: 2024-T3 bare

frequency: 15 Hz

specimen width: 50.8 mm

sheet thickness: 2.3 mm

AK da/dn R AK da/dn R

MPaVm 10-6 m/cycle MPaVxm 10-6 m/cycle

4.66 0.0121 0.5 6.67 0.0154 0

5.22 0.0156 6.87 0.0142

4.99 0.018 6.87 0.021

4.63 0.0116 7.24 0.0305

4.85 0.0195 7.25 0.0284

4.84 0.0178 8.04 0.0417

5.39 0.0215 8.07 0.0498

5.35 0.0212 9.29 0.0686

5.62 0.0248 9.32 0.0714

5.58 0.0279 9.67 0.0879

6.23 0.0424 9.72 0.0787

6.2 0.0483 10.68 0.145

6.53 0.0556 10.73 0.145

6.5 0.045 11.08 0.159

7.1 0.115 11.13 0.16

7.04 0.0612 12.19 0.175

7.82 0.0874 12.26 0.205

7.8 0.0892 12.65 0.198

8.67 0.132 12.75 0.188

8.61 0.108 14.01 0.257

9.1 0.138 14.12 0.257

9.02 0.18 14.62 0.318

10.68 0.272 14.76 0.307

10.62 0.226 16.07 0.338

11.2 0.297 16.24 0.401

11.09 0.318 16.67 0.434

12.5 0.381 16.9 0.424

12.35 0.366 18.43 0.541

13.17 0.508 18.69 0.521

13.06 0.587 19.22 0.544

19.56 0.655

21.16 1.02

21.6 0.98

21.94 0.726

22.34 0.422

24.41 2.64

24.87 3.12

25.69 1.93

26.43 2.49
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Fig. 2 Batch variability as function of AK [Ref 1]
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Fig. 6 Comparison of constant amplitude fatigue crack growth rates for R = 0.5



-31-
TP 96038

10Q-4 I I

0

0o-5

0
TN D-5390 0

d/n0.5 Hz [5]0
da/dn TN D-5390

(mlcycle)14H[5

AGARD-R-732 i
30 Hz [6] a

10-6 ...... .................... ...... . ................

10-1

0 -8

io-9.
1 2 5 1 20 30 5 10

_______ ~ ~ ~ ~ ~ ~ ~ A ____ ___ ____-Uf__ _______
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-32-

TP 96038

1044

_ad R=0 D-39

R~ = 0 20 --30-H z [5]

I l~

I )

10-6 _ _ _ _

daldn 7TN D-5390

(rn/cycle) R=,03~(] I@

R 0.031

1 = _O, 3 [0-7 53 Hz [1]l

4.:-

- l__ __ L L __ _ _ __ _-- L L

11 2 3 5 10 20 30 50 10

AK (MPaFfi)
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